I. INTRODUCTION
Persistent research efforts worldwide to develop thermoelectric (TE) materials are addressing the needs to develop alternative energy sources and improve efficiency of solid state cooling devices. Regardless of whether it is used in power generators or heat pumps, the performance of a TE material is characterized by the thermoelectric figure of merit (FOM) Z, which is defined by
where S is the Seebeck coefficient (also known as the thermopower), r the electrical conductivity, and j the thermal conductivity. The numerator S 2 r is called the TE power factor. As Z is often a function of temperature, it has become a common practice to use the dimensionless FOM ZT in place of Z where T is the mean operating temperature. The higher the ZT, the better a TE performance a material possesses.
Skutterudite compounds were identified as good candidates for thermoelectric application almost two decades ago. 1 Unfilled skutterudites are binary compounds of the form MA 3, where M is a metal such as Co, Rh, or Ir, and A is As, P, or Sb. 2, 3 The high carrier mobility and large effective mass found 4, 5 in some skutterudites endow them with power factors comparable to and even exceeding Bi 2 Te 3 and PbTe. Their thermal conductivities, on the other hand, are relatively large to make them useful TE materials. 5, 6 Previous attempts at reducing thermal conductivity focused on inserting foreign atoms into the large voids in the unfilled skutterudite structure, thus producing "filled" skutterudite compounds. [7] [8] [9] The foreign atom confined in the cage exhibits an Einsteinlike mode that provides additional phonon scattering to dampen the lattice thermal conductivity. 6, 10, 11 This approach has achieved great success especially in enhancing the ZT in n-type filled skutterudites, for instance, it is not unusual for double-filled skutterudites to display 12 ZT greater than 1.3, and the melt-spun filled skutterudites containing InSb nanoinclusions reaching 13 ZT in excess of 1.4. Recently, even p-type filled skutterudites exceeded ZT of unity.
14 Another direction originating from a different train of thought for improving the TE properties is to reduce the dimension of materials' building block, also referred to as "nanostructuring." The physics is either to evoke quantum confinement in order to alter the density of states (DOS) 15 or to tweak the carrier scattering parameter so that one may have the chance to boost the Seebeck coefficient, and hence the power factor. 16 The thermal conductivity is also expected to be reduced because of the extra phonon scattering from the myriad of nanoscopic interfaces.
In this paper, we report work on bulk p-type skutterudite nanocomposites of Co 0. 9 
II. EXPERIMENT
High purity starting materials of Co (powder 99.5%), Fe (powder 99%), and Sb (lump 99.999%) were weighed according to the stoichiometric ratio and charged into carbon coated ampoules. The ampoules were sealed under vacuum of 10 À6 Torr, heated at 1100C for three hs to melt the a)
Author to whom correspondence should be addressed. Electronic mail: dmorelli@egr.msu.edu. A disk was cut from the middle of each ingot and further sectioned into rectangular parallelepiped with dimensions of approximately 3 mm Â 3 mm Â 8 mm for measuring transport properties from 80 K to 300 K. Seebeck coefficient, electrical resistivity, and thermal conductivity were measured from 80 K to 300 K under vacuum using a steady state technique in a continuous flow cryostat with liquid nitrogen as a refrigerant. The accuracy of the electrical resistivity and thermal conductivity measurement is limited by the precision in measuring dimensions of samples, namely, the distance between two thermocouple probes and the cross-sectional area. They are also affected by the thermal and electrical contacts between thermocouple probes and sample, which also applies to measurements of the Seebeck coefficient. We estimate a 10% uncertainty in transport properties measurement from 80 K-300 K.
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A thin slab of approximate thickness of 1mm was cut out of the same low temperature measurement sample for Hall measurement. Hall coefficients and electrical resistivity from 60 K to 400 K were carried out using ac current in a varying magnetic field from À3T to 3T. The remnants from the disks were pulverized to powders for x-ray diffraction analysis and/or mounted on conducting epoxy for scanning electron microscope (SEM) imaging. X-ray diffraction patterns for all samples were collected from 2h ranging from 20 to 90 degrees in a Rigaku MiniFlex 2 using Cu Ka radiation. SEM images were done in JEOL Corporation model JSM 7500 high resolution field emission SEM.
High temperature electrical conductivity and the Seebeck coefficient were measured in the interval 300 K -800 K using a home built apparatus under the protective atmosphere of argon on the same rectangular samples measured at temperatures below the ambient. Separate disks sectioned from individual ingots in proximity to where rectangular samples were cut were used for high temperature thermal conductivity measurements. Thermal conductivity was obtained from measurements of thermal diffusivity (Anter, Flashline 5000), specific heat (Netzsch, 404 Pegasus), and density (Archimedes' law). Fig. 2(d) , which retains the same Fe/Co ratio as x ¼ 0.2 sample but has the normal skutterudite composition MA 3 , the nanoparticles have almost disappeared and grain boundaries are much cleaner compared to nanocomposite samples. This suggests that either Fe atoms were absorbed to form skutterudite or some FeSb 2 nanoparticles have grown up significantly to micron size. We also performed the energy dispersive x-ray spectroscopy (EDS) analysis in the same region as shown in Fig. 2(b) . By using "Point and ID Analyzer" function, we detected higher Fe but less Sb content at the place with cluster of nanoparticles compared to the skutterudite grains without such features. Combined with x-ray diffraction results, we identified the nanoinclusions observed in our SEM images to be FeSb 2 .
III. RESULTS
The Seebeck coefficient as a function of temperature is plotted in Fig. 3 . Here, in order to compare their properties, we also include the results of Co 0.9 Fe 0.1 Sb 3 from the literature. 17 All Seebeck coefficients increase monotonously with increasing temperature. Our base sample x ¼ 0 exhibits a very similar behavior to that of the reference. All nanocomposite samples and the higher Fe content control sample Co 0.75 Fe 0.25 Sb 3 exhibit higher Seebeck coefficients than the x ¼ 0 sample between 160 K and 565 K. Samples x ¼ 0.05 and x ¼ 0.01 extend the lead all the way up to the measurement limit at 788 K. The Seebeck coefficients for the nanocomposite samples first increase with the amount of FeSb 2 (when x is less than 0.1) and then start to drop for samples with higher amount of FeSb 2 .
The electrical resistivity as a function of temperature is shown in Fig. 4 . The resistivity for all samples exhibits a metallic behavior, increasing with temperature. Nanocomposites have higher resistivity values than the control sample x ¼ 0 at lower temperature, but, interestingly, they begin to saturate near room temperature, a behavior that is not observed in the sample with x ¼ 0. The crossover happens around 423 K. Above 500 K sample x ¼ 0 has the largest electrical resistivity. Co 0.75 Fe 0.25 Sb 3 has the lowest resistivity, a phenomenon to be expected as the higher Fe substitution creates more holes, but it also exhibits the saturation behavior similar to the nanocomposite samples. The temperature dependence of power factor is displayed in Fig. 5 . All nanocomposite samples have higher power factors compared to control sample x ¼ 0. Sample x ¼ 0.05 shows the highest value of 17Â10 À6 Wcm À1 K À2 at 788 K. The temperature dependence of the thermal conductivity is plotted in Fig. 6 . The thermal conductivity in all nanocomposite samples is substantially reduced with respect to the both control sample x ¼ 0 and Co 0.75 Fe 0.25 Sb 3 over the whole temperature range of measurement, and is even comparable to some filled skutterudites. 18 Mismatches between low and high temperature data sets at 300 K for some samples do exist in electrical resistivity as well as thermal conductivity as shown in Fig. 4 and Fig. 6 respectively. The difference in resistivity is less than 6% for all samples. The largest difference in thermal conductivity is about 24% found in x ¼ 0 sample. We estimate the error is inherent to the geometric factor used for computing electrical resistivity and, in the case of thermal conductivity, due to different techniques used to determine thermal conductivity at low and high temperatures. The overall effect on ZT, however, is insignificant as the errors from resistivity and thermal conductivity partially cancel out each other. The combined enhancement of power factors and the reduction in thermal conductivity in our nanocomposites increase the ZT values compared to the control sample x ¼ 0 as shown in Fig. 7 . Sample x ¼ 0.05 displays a ZT¼0.59 at 788 K which is twice as large as that of sample x ¼ 0, and shows no sign of reaching its peak at the limiting temperature of these measurements.
IV. DISCUSSION
It is imperative to discern the influence of Fe substitution and justify that the enhancement of TE properties can be attributed to the FeSb 2 nanoinclusions. To do so, we have calculated the lattice constant based on the d-value corresponding to plane (631) as a function of Fe ratio on the metal site. Upon Fe replacement of Co, the lattice constant is expected to increase linearly with the Fe concentration. This is indeed the case for our samples that satisfy the skutterudite formula MA 3 . The lattice constants for the nanocomposites, on the other hand, first expand slightly compared to the control sample x ¼ 0, but eventually saturate with additional Fe content. This is a strong indication of the formation of FeSb 2 precipitates. For the Co 0.75 Fe 0.25 Sb 3 sample, the lattice constant is smaller than the value of 9.062 Å reported on the same composition. 19 So the actual amount of Fe going into the Co sites may be smaller than the stoichiometric amount, with the remaining Fe atoms combining with excess Sb to form FeSb 2 . 20 As Fe has one less valence electron than Co, Fe substitution for Co will increase the hole concentration. Thus given the same carrier scattering parameter k (which determines the energy dependence E of the carrier scattering time via the relation s $ E k ), the Seebeck coefficient should decrease with an increasing Fe substitution due to the increase of hole concentration. The data reported by Tang et al. on Fe x Co 4Àx Sb 12 supports this assumption quite well. 19 Our control sample x ¼ 0 also agrees reasonably well with the fitted line based on Tang's data. The thermopowers for the nanocomposites diverge from the fit line for regular Fe substituted samples, which suggest the enhanced thermopower is due to an alteration in the scattering parameter k brought about by the FeSb 2 nanoinclusions. 16 The other control sample Co 0.75 Fe 0.25 Sb 3 also diverges from the fit. Combining the analysis of the lattice constant and the behavior of the thermopower described above, we believe that trace FeSb 2 nanoparticles must have formed in this sample too, influencing its properties. 20 
V. CONCLUSION
We have successfully synthesized p-type skutterudite nanocomposites based on Co 0.9 Fe 0.1 Sb 3 with FeSb 2 nanoinclusions. The existence of FeSb 2 nanoparticles not only provides extra phonon scattering that reduces the thermal conductivity, but also changes the hole scattering parameter resulting in an enhanced thermopower and power factors in x ¼ 0.05 and x ¼ 0.1 samples. The best nanocomposite sample displays a ZT ¼ 0.59 at 788 K, which is a factor of two increase compared to the control sample x ¼ 0. Considering the prototype of the base material is Fe doped binary skutterudite, nanocomposite synthesis is a very promising approach for improving TE properties.
